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Tissue engineering has grown in the past two decades as a promising solution to
unresolved clinical problems such as osteoarthritis. The mechanical response of tissue
engineering scaffolds is one of the factors determining their use in applications such as
cartilage and bone repair. The relationship between the structural and intrinsic mechanical
properties of the scaffolds was the object of this study, with the ultimate aim of
understanding the stiffness of the substrate that adhered cells experience, and its link to
the bulk mechanical properties. Freeze-dried type I collagen porous scaffolds made with
varying slurry concentrations and pore sizes were tested in a viscoelastic framework by
macroindentation. Membranes made up of stacks of pore walls were indented using
colloidal probe atomic force microscopy. It was found that the bulk scaffold mechanical
response varied with collagen concentration in the slurry consistent with previous studies
on these materials. Hydration of the scaffolds resulted in a more compliant response, yet
lesser viscoelastic relaxation. Indentation of the membranes suggested that the material
making up the pore walls remains unchanged between conditions, so that the stiffness of
the scaffolds at the scale of seeded cells is unchanged; rather, it is suggested that thicker
pore walls or more of these result in the increased moduli for the greater slurry
concentration conditions.
& 2014 Elsevier Ltd. Published by Elsevier Ltd. All rights reserved.Elsevier Ltd. All rights reserved.
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yen).1. Introduction
The ﬁeld of tissue engineering has been a rapidly evolving one
in the past two decades due to its ability to address unresolved
clinical problems such as osteoarthritis (Nukavaparu and
Dorcemus, 2012; Ahmed and Hincke, 2014). The principle is touse a three-dimensional polymeric scaffold, seeded with appro-
priate cells and growth factors, to stimulate cellular differentia-
tion and proliferation in order to regenerate the native tissue.
Most of the research done in the ﬁeld has traditionally focused
on the biocompatibility and biofunctionality of the scaffold.
The mechanical properties of the synthetic structure play a
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particularly important in the case of bone and cartilage tissue
engineering, where the hydrated scaffold needs to bear load in
a similar way to the original tissue. Simultaneously, at the nano
and micro-scale the local mechanical response inﬂuences cell
behavior, as evidence suggests that cells respond to substrate
elasticity (Engler et al., 2006) and viscoelasticity (Cameron et al.,
2011).
Freeze-drying is a well-establishedmethod for making porous
materials of controllable architecture for use in regenerative
medicine applications (O'Brien et al., 2004; Davidenko et al.,
2010; Pawelec et al., 2014). The process works by freezing the
interstitial ﬂuid in a suspension or slurry of the material of use,
and then reducing the environmental pressure imposed on the
scaffold to allow the ice formed to sublime, yielding a highly
porous structure. Thin ﬁlms of material form at the edges of the
ice crystals as these nucleate and grow, which then constitute
the walls of the pores. The use of acetic acid as a solute addition
results in dendritic formation of ice and therefore, intercon-
nected porosity (Schoof et al., 2001). Pore size can be made to be
isotropic throughout the structure, except for a layer with a
characteristically smaller pore size that may form at the top of
the sample due to convective rather than conductive cooling on
the surface of the solution (Harley et al., 2007).
The mechanical response of bulk freeze-dried scaffolds
has been previously reported to depend on their density, with
the modulus increasing with the concentration of solid in the
materials (Harley et al., 2007). However, the reason behind the
greater stiffness of the scaffolds with larger solid concentra-
tion remains unknown: the arrangement of solid within the
porous structure is not well understood, and if caused by a
densiﬁcation of the material in the pore walls might lead to
signiﬁcant differences in the stiffness of the substrate experi-
enced by the adhered cells. This work therefore, aimed to
characterize the mechanical properties of freeze-dried type I
collagen scaffolds both at the macro and nano-scale, where
structural and intrinsic material properties, respectively,
determine the response.
The scaffolds were made with varying solid concentration
in the slurry and possessing different pore sizes for the same
solid concentration. The macromechanical response of the
bulk scaffolds was investigated by indentation in both the dry
and hydrated conditions. The former is important for the
handling of the materials and the latter when the scaffold is
placed in the body and ﬁlled through its porous structure by
interstitial ﬂuid in the same way as the target native tissue.
The presence of the ﬂuid is expected to have an effect on the
response due to its frictional drag upon the application of a
load (Hu et al., 2010). At the same time, evidence of time-
dependent behavior of these scaffolds has been presented
(Elias and Spector, 2012). A viscoelastic framework of analysis
was therefore used for the analysis of the results, which does
not take into consideration the porous structure of the
scaffolds and their complex poroviscoelastic behavior, yet
provides information about their stiffness and extent of time-
dependent deformation. The extent of the intrinsic response
of the material making up the pore walls of the different
conditions examined was characterized by colloidal probe
Atomic Force Microscopy (AFM) on thin membranes extracted
directly from the scaffolds.2. Materials and methods
2.1. Scaffold fabrication
Insoluble ﬁbrillar type I collagen from bovine Achilles tendon
(Sigma-Aldrich, UK) was hydrated overnight with 0.05 M
acetic acid (Alfa Aesar, UK) in two suspensions of concentra-
tions 1% w/V and 0.5% w/V. After homogenization and
centrifugation to remove air bubbles, the suspensions were
poured into molds made of silicone (both concentrations) or
stainless steel (SS, 1% w/V suspension only). Freeze-drying
was carried out with a VirTis adVantage benchtop freeze-
drier (BioPharma Process Systems, UK) using a cooling rate of
0.5 1C/min down to 20 1C. The temperature was held for two
hours to ensure freezing was complete, at which point the ice
was sublimed under a vacuum of 80 mTorr at a temperature
of 0 1C, maintained for 20 h. The collagen sponges thus
obtained were cross-linked for 2 h using a solution of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlor-
ide (EDC) and N-hydroxysuccinimide (NHS), with ethanol-
water (95% V/V) as solvent. EDC and NHS were used in the
molar ratio 5:2:1 relative to the collagen carboxylic acid
groups (EDC:NHS:COOH) as described by Olde Damink et al.
(1996). The scaffolds were then washed ﬁve times in distilled
water for ﬁve minutes each, before freeze-drying once again
using the same process as described above.
2.2. SEM characterization
Micrographs of the scaffolds were acquired using an EVO
LS15 Scanning Electron Microscope (SEM, Carl Zeiss,
Germany) at an accelerating voltage of 15 kV. Pore size was
measured using the linear intercept method (ASTM., 2014) on
twelve SEM micrographs for each condition so to reach a
count in great excess of two hundred intercepts for statistical
representation. The free software ImageJ (NIH, USA) was used
for the analysis.
2.3. Mechanical testing
The time-dependent mechanical response of the bulk scaffolds
was determined by means of displacement-control indentation
on an Instron 5544 universal testing machine (Instron, USA). A
stainless steel spherical indenter with a diameter of 1.2 mm
was used for this purpose at an indentation depth of 0.5 mm.
The ramp-hold proﬁle involved a ramp time of ten seconds and
hold of 300 s, within which a force plateau was reached. Tests
were performed at room temperature at four sites on each of
four samples per condition, for a total of 16 tests per condition.
The scaffolds were next tested in the hydrated state after being
submerged in distilled water overnight. Algorithms based on
exponential curve ﬁtting of the relaxation section of the load-
time response were used for the analysis, which yield values of
three mechanical parameters (instantaneous modulus E0, equi-
librium modulus Einf, viscoelastic ratio Einf/E0) for the materials
tested (Oyen, 2005, 2006).
The induced strain ε was varied to investigate a possible
effect of the small pore-sized top layer on the results. One
sample per condition was indented at four different locations
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Strains were calculated using (Johnson 1985):
ε¼ 0:2
ﬃﬃﬃ
h
R
r
ð1Þ
where h is the indentation depth and R the indenter radius.
Thin membranes were manually excised from the scaf-
folds using microtweezers and deposited onto a copper grid
with an array of circular wells with a radius of 35 μm (Agar
Scientiﬁc, UK). Hydration through a drop of distilled water
made the membranes stick ﬂat on the grid, with a lateral size
up to two millimeters. Samples were then tested after allow-
ing sufﬁcient time to dry. Colloidal probe AFM on a Veeco
Dimension 3100 machine (Bruker, USA) was performed using
a 5 μm diameter borosilicate glass spherical tip (sQube,
Germany) to indent the membranes over the center of the
wells. Sixteen indents per condition were carried out. The
Young's modulus E was calculated at an indentation depth h
of 100 nm using the solution developed by Scott et al. for
spherical indentation of free standing circular elastomer
ﬁlms in the plate regime (Scott et al., 2004). This is given as
the sum of two contributions arising from the penetration of
the indenter into the membrane and the deﬂection of the
membrane itself:
E¼ Epenetration þ Edeflection ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9P2ð1ν2Þ2
16Rh3
3
s
þ3Pa
2ð1ν2Þ
4πht3
ð2Þ
P is the load recorded, a the well radius, t the thickness and ν
the Poisson's ratio of the material. The assumption was made
that the membrane acts as clamped around the circular well,
due to the small area of indentation compared to the size of
the whole membrane.
A comparison between the methods used to investigate
the mechanical response of the scaffolds at the macro and
nano-scale is depicted in Fig. 1.3. Results and discussion
3.1. Pore size
Fig. 2 shows a representative micrograph for each condition.
On qualitative observation, the porosity was observed to be
interconnected in all samples: pore walls, with thickness
below 100 nm, did not enclose the pores completely. TheFig. 1 – Comparison of indentation depth between (a) spherical m
of thin membranes.average pore size was measured to be 80713 μm for 0.5% w/V,
96719 μm for 1% w/V in silicone molds and 7076 μm for 1%
w/V in stainless steel molds, where the range is given by the
standard deviation. Similarly to what has been reported
previously (Tierney et al., 2009), the average pore size
increased with increasing concentration of collagen in the
slurry between the two conditions produced in silicone
molds. The stainless steel mold samples had a slightly
smaller and more uniform pore size. This is most probably
due to the different heat transfer experienced by these
samples: the thermal conductivity of stainless steel is greater
than that of silicone, therefore the samples experienced a
faster cooling rate, expected to result in a smaller pore size
(O'Brien et al., 2004).3.2. Viscoelastic response of bulk scaffolds
The top 50–100 μm of each scaffold was observed to have
smaller pore size compared with the bulk (Fig. 3a). The effect
of this surface layer was considered by varying indentation
strain to vary the amount of bulk material included, but was
found to have no effect on the instantaneous modulus
(Fig. 3b). It was found that the values measured are compar-
able for the indentation depths considered despite the smal-
ler strain being at an indentation depth in the range of the
layer thickness. From composite mechanics calculations,
Harley and co-workers deduced that the top layer does not
affect the compressive modulus of the scaffolds (Harley et al.,
2007), and the results presented here seem to conﬁrm this.
The results obtained from the study of varying slurry
concentration and porosity are reported in Fig. 4 for both
the dry and hydrated states.
A number of observations can be made: the difference
between the dry and hydrated states is seen ﬁrst in that the
moduli in the former are always greater. This is most
probably due to the ﬂow of interstitial ﬂuid and its viscous
drag, as well as the plasticizing effect of the ﬂuid on the
collagen ﬁbrils. The latter was previously observed to make
these more compliant (van der Rijt et al., 2006), and the two
phenomena result in a more compliant bulk response in the
hydrated state.
The viscoelastic ratio, which varies inversely with the
degree of viscoelastic relaxation, was found to be independent
of concentration of collagen in the slurry and pore size. Aacroindentation of bulk scaffolds and (b)colloidal probe AFM
Fig. 2 – Freeze-dried collagen scaffolds, vertical cross-section, (a) 0.5% w/V, (b) 1% w/V in silicone molds, and (c) 1% w/V in
stainless steel molds. The scale bar is 100 μm.
Fig. 3 – (a) Top layer SEM micrograph of a freeze-dried 0.5% w/V collagen slurry sample. The dashed line shows the extent of
the anomalous porosity. The scale bar is 100 μm. (b) Instantaneous modulus of a hydrated sample as measured by spherical
indentation as a function of strain. The error bars express the standard deviation.
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the degree of relaxation increases with increasing solid con-
centration in the scaffold (Elias and Spector, 2012). The large
variability observed in the results might have masked this
trend. However, it is clear that the extent of relaxation is
actually smaller for the hydrated scaffolds, i.e. the viscoelastic
ratio is larger, and this could be the result of the presence of
the interstitial ﬂuid and the additional pressure it exerts on
the collagen structure, hindering its buckling with time. This
interesting and perhaps counter-intuitive result has also been
observed in other hydrated materials, including hydrogels
(Galli et al., 2009).
A dependence on slurry composition of the elastic stiff-
ness of the scaffolds can be observed both for the dry and
hydrated samples, whereby the greater concentration of
collagen in the slurry results in larger moduli of the freeze-
dried scaffolds. The average modulus of the samples made in
stainless steel molds was lesser than that of the ones made in
silicone molds with the same concentration in the slurry. The
large variability displayed by the former might result in this
dissimilarity.
The mechanical response of these materials has been
previously shown to resemble that of open-cell foams, in
which pores with no walls are delimited by struts of material
at their edges (Gibson, 2005). From basic cellular materials
mechanics, the stiffness of open-cell porous scaffolds is
expected to be directly proportional to the square of their
relative density (Gibson and Ashby, 1997):Ep
ρn
ρS
 2
ð3Þ
where ρn and ρS are the scaffold density and that of the solid
material which composes it, respectively. It follows that
doubling the concentration by volume of collagen in the
scaffold would increase four-fold its stiffness. The relation-
ship was observed within error for the materials made in
silicone molds, suggesting that the concentration of collagen
in the freeze-dried scaffolds possibly varies linearly with that
in the slurries.
It remains to be understood how the larger stiffness of the
greater concentration scaffolds results from the different
arrangement of collagen within the same volume. When l is
the average length of the pores struts, and t their average
thickness, then (Gibson and Ashby, 1997):
ρn
ρS
p
t
l
 2
ð4Þ
The larger pore size with increasing solid concentration in
the scaffold implies that l becomes larger. An increase in the
average thickness of the struts could then result in the larger
moduli measured for the greater concentration scaffolds.
However, the materials investigated here are not ideal
open-cell solids, as struts were not observed, and it is rather
the walls partially enclosing the pores that deﬁne their edges.
These are expected to contribute to the mechanical response
depending on the amount of solid present in them (Gibson and
Ashby, 1997). It is therefore possible that a larger quantity of
Fig. 4 – Viscoelastic parameters of dry and hydrated collagen
scaffolds: (a) instantaneous modulus, (b) equilibrium
modulus, (c) viscoelastic ratio. The error bars express the
standard error of the mean.
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material or by thicker cell walls, led to the greater stiffness of
the larger concentration scaffolds. The average number of pore
walls present per pore is also expected to affect the stiffness of
the constructs as the material's behavior shifts towards that of
a closed-cell foam, where pores are completely enclosed by
walls: Roberts and Garboczi have computed models of partially
open-cell foams and found that an increase in the number of
pore walls leads to greater moduli (Roberts and Garboczi, 2001).
Both phenomena, the larger solid amount in the pore walls and
greater number of pore walls, could therefore result in the
densiﬁcation of the porous material and the resultant increased
modulus, and may happen concurrently.Fig. 5 – 1% w/V in silicone molds membrane deposited on a
copper grid. A stack of single pore walls can be seen lying
parallel to the substrate. Scale bar is 10 μm.3.3. Elastic response of membranes
The overall thickness of the extracted membranes at the
point of indentation could not be measured, but was recorded
to be in the range of 4–10 μm in all direct observations by SEM,which showed that they consisted of stacks of pore walls
collapsed on to the grid (Fig. 5).
All load–displacement proﬁles for AFM indentation
showed a linear relationship (Fig. 6a) indicative of a plate
regime, i.e. one for which the stretching of the membrane is
negligible due to small deﬂections, and the response is purely
elastic. Komaragiri and coworkers found that for a thickness
to well span ratio greater than 0.075, corresponding to a
membrane thickness of 1.3 μm or larger in this case, a non-
linear response will not be observed irrespective of load and
indentation depth imposed (Komaragiri et al., 2005).
The load recorded upon indentation at 100 nm was averaged
per condition and found to be 35.8872.26 nN for 0.5% w/V,
33.7672.31 nN for 1% w/V in silicone molds, and 37.1772.49 nN
for 1% w/V in stainless steel molds. The comparable load
measured for the different conditions suggests that the mechan-
ical properties of the material composing the scaffolds are not
altered as a consequence of varying solid concentration or pore
size. Therefore, that densiﬁcation of thematerial is not the cause
of the trend observed for the bulk scaffolds results.
The average load recorded per condition was used in
conjunction with Eq. (2) to calculate the Young's modulus of
the membranes as a function of their unknown thickness
within the range observed (Fig. 6b). The modulus measured
ranged between 400 kPa and 700 kPa, depending on the
thickness. In the calculation, the contribution of the indenter
penetration into the membrane, independent of membrane
thickness, becomes larger than that due to bending of the
membrane for thicknesses greater than 4 μm, eventually
dominating the response. The membrane thicknesses
Fig. 6 – (a) Example load responses against indentation depth and (b) membranes elastic response as a function of thickness
for each condition investigated.
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than the indentation depth, so that the unknown exact value
of the thickness at the point of indentation becomes less
relevant. The stiffness of these materials at the scale of single
cells is potentially important in their intended use as tissue
engineering scaffolds. If the intrinsic material properties are
indeed not dependent on solid concentration in the scaffolds
and pore size, the cells seeded in these structures would
experience a mechanical response only dependent on the
material composing the scaffold.4. Conclusions
The multi-scale mechanical response of freeze-dried collagen
porous scaffolds was explored: the bulk scaffolds were more
compliant in the hydrated state, where interstitial ﬂuid ﬂow
and permeability of the porous structure, as well as the
decreased stiffness of collagen, are expected to affect the
mechanical properties. However, their degree of viscoelastic
relaxation was lesser in this state, possibly due to the
pressure exerted by the ﬂuid that hinders time-dependent
buckling of the collagen. The stiffness of the bulk scaffolds
increased quadratically with increasing collagen concentra-
tion in the slurry, suggesting the solid concentration in the
scaffolds possibly varies linearly with that in the slurry and
the material behaves as an open-cell porous solid. The
increase in stiffness with slurry concentration is either due
to a greater amount of solid in the pore walls or to a larger
number of these. Colloidal probe AFM of membranes made of
stacks of pore walls showed that the elastic response of the
latter is comparable for the conditions examined within the
membrane thicknesses observed, suggesting that the mate-
rial composing the scaffolds is unchanged between condi-
tions. Therefore, densiﬁcation of the material is not expected
as a mechanism for the increased amount of solid in the pore
walls, and seeded cells would experience a mechanical
response only dependent on the intrinsic properties of the
material composing the scaffold. Further work will be
required to ascertain the arrangement of collagen as a
function of increasing concentration, ultimately building anunderstanding of the design and control of the scaffolds
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